The frequency of recombination for a complete set of two-factor crosses between vaccinia virus mutations separated by distances of between 54 and 10 692 bp was determined. The results show that in intragenic crosses there is a linear relationship between the recombination frequency observed and distances between the mutations of up to 700 bp. However, no length dependence of the recombination frequency in intergenic crosses with a distance between mutations of 328 to greater than 10000 bp is observed. We attribute this lack of dependence to the high rate of viral DNA interchange, which makes some step other than the cross-over event rate-limiting. Furthermore, we believe that the observed difference in recombination frequency between inter-and intragenic recombination is due to complementation between temperature-sensitive mutants at the permissive temperature.
Introduction
The 191 kb DNA genome of vaccinia virus, the prototype poxvirus, replicates in the cytoplasm of infected host cells, and must therefore encode the enzymes required for viral gene expression, DNA replication and, presumably, DNA recombination (Moss, 1990) . Vaccinia virus therefore provides an opportunity to investigate these pathways in a eukaryotic environment.
Viral genetic recombination in vaccinia virus-infected cells initially was demonstrated by Fenner & Comben (1958) . Recombination is the basis for a number of widely used genetic techniques in poxvirus research, including genetic mapping by two-factor crosses and marker rescue (Condit & Niles, 1990) , and the construction of expression vectors (Mackett et al., 1982; Nakano et al., 1982) . A deeper understanding of the molecular mechanism of DNA recombination in vaccinia virusinfected cells would not only enhance the efficiency of its application but also increase its use.
The mechanism of viral DNA recombination has been examined by a number of investigators (Ball, 1987; Evans et al., 1988 ; Spyropoulos et al., 1988 ; Merchlinsky, Parks & Evans, 1991) . The results indicate that homologous intramolecular and intermolecular recombination occur highly efficiently. Moreover, there appears to be a strong connection between recombination and DNA replication (Ball, 1987; Evans et al., 1988; Merchlinsky, 1989) . It has been suggested that, as in bacteriophage T4, recombination plays an important role in poxvirus DNA replication (Evans et al., 1988; Merchlinsky, 1989) . However, these studies are in their infancy and the molecular mechanism of homologous DNA recombination in poxvirus-infected cells is still poorly understood.
Several investigators have attempted to use recombination frequency measurements to order mutations on the poxvirus genome (Padgett & Tomkins, 1968; Chernos et al., 1978; Lake et al., 1979; Essani & Dales, 1983) . Detailed genetic mapping studies have been produced (Drillien et al., 1982; Ensinger, 1982; DriUien & Spehner, 1983; Ensinger & Rovinsky, 1983; Ensinger et al., 1985) ; these maps have been tested by marker rescue analysis of the same set of temperature-sensitive (ts) mutations in the two collections. These studies show that, with some exceptions, physical and recombination maps of vaccinia virus correlate well.
We were interested in using the recombination frequency measurements obtained from two-factor crosses as a tool to investigate the molecular mechanism of viral DNA recombination. As a first step towards this goal, we quantified the relationship between the recombination frequency observed and the physical distance Z. Fathi and others separating genetic markers using a set of ts mutations, the precise locations of which are known (Seto et al., 1987; Roseman & Hruby, 1987; D. H. Evans & P. Traktman, personal communication; Kunzi & Traktman, 1989; Fathi & Condit, 1991 ; Dyster & Niles, 1991) . In this report we have determined the recombination frequency for a complete set of two-factor crosses between pairs of mutations separated by distances of between 54 and 10692 bp. The results show that in intragenic crosses there is a linear relationship between the recombination frequency observed and distances between mutations of up to 700 bp. However, no length dependence is observed for the recombination frequency in intergenic crosses with a distance between mutations of 328 to 10692 bp.
Methods

Cells and viruses.
The mutant viruses employed in this study have been characterized previously (Condit & Motyczka, 1981; Ensinger, 1982; Condit et al., 1983) . The ability of a ts mutant virus to replicate at 40 °C (leakiness) has been determined for most of the mutants used, and ranges from 0.1% to 5%. BSC40 cells, and conditions for virus growth, infection and plaque titration have been described in detail (Condit & Motyczka, 1981; Condit et al., 1983) .
Recombination analysis. Recombination analysis was carried out as described (Basilico & Joklik, 1968; Drillien et al., 1982; Ensinger, 1982) . BSC40 cells were infected with 6 p.f.u, of each mutant per cell in pairwise crosses or with 12 p.f.u, of either mutant per cell in single infections. After 30 min of adsorption at 31 °C, the infected monolayers were washed twice with prewarmed PBS pH 7.0 containing 0.01% bovine serum albumin and 1 mM-MgC12 to remove unadsorbed virus. The infected monolayers were then incubated at 31 °C for 48 h in the presence of Dulbecco's modification of Eagle's medium and 10% foetal calf serum. Virus yield was determined by plaque titration at 31 °C or 40 °C, and recombination frequencies were calculated using the
where R is the recombination frequency, A and B are the titre of each virus, and superscripts indicate the temperature at which the virus yield was determined. (A x B) 4°° indicates the titre of recombinant virus, whereas (A × B) 31° is a measure of total progeny virus. This ratio is doubled to account for the fact that for each wild-type virus generated, a non-viable double mutant will be formed, and is corrected for the replication of each mutant virus at the non-permissive temperature. In this study, the level of reversion, determined from singly infected controls, proved to be insignificant in the calculation of recombination frequency. The frequencies observed were not affected by varying the m.o.i, of the virus between 6 and 20, or by incubation of infected cells for 24 or 48 h.
Results
Our aim was to quantify the relationship between recombination frequency and the physical distance between ts mutations in vaccinia virus. For these studies we chose 10 ts mutations, which map to seven different genes in the HindIII D fragment (Seto et al., 1987) , and 1636"* N 18R
* The phenotype of each mutant was described when they were originally characterized (Condit & Motyczka, 1981 : Ensinger, 1982 Condit et al., 1983) . N, normal DNA and protein synthesis at 40 °C; DNA-, low incorporation of [3H]thymidine at 40 °C; DL, apparently normal early protein synthesis and DNA replication, but reduced late protein synthesis at 40 °C.
t The number refers to the sequence described by Niles et al. (1986) . $ Data from D. H. Evans & P. Traktman (personal communication) . § Data from Roseman & Hruby (1987) . dl The sequence of this mutant has not been determined but the map position has been located by marker rescue analysis (Seto et al., 1987) .
¶ Data from Kunzi & Traktman (1989) . ** The number given is in relation to the ATG codon of gene 18R, where position 1 is adenine.
five ts mutations of gene I8R (Fathi & Condit, 1991 ; Table 1 ). The bases changed in the mutations of genes D2L, D3R (Dyster & Niles, 1991) , D5R (Roseman & Hruby, 1987; D. H. Evans & P. Traktman, personal communication) , D11L (Kunzi & Traktman, 1989 ) and I8R (Fathi & Condit, 1991) are known. Of the ts mutations in I8R two, C38 and C44, have an identical single base change, suggesting that they are sisters. The base changes responsible for the ts phenotypes of mutants E93 and C21 have not been determined, but their map positions have been located by marker rescue analysis with DNA fragments possessing known endpoints (Seto et al., 1987) .
The intragenic and intergenic recombination frequencies determined for each two-factor cross, and the distances between mutations, are shown in Tables 2 and  3 , respectively. Two general observations can be made. (i) The intragenic and intergenic recombination frequencies observed varied considerably from experiment to experiment. Hence, in these experiments the standard deviations from the mean were quite large. (ii) The intragenic recombination frequencies were considerably smaller in magnitude than the intergenic recombination frequencies (0-38 +0.2% to 4.6+2.2% versus (Drillien et al., 1982; Ensinger, 1982) . Fig. 1 is a graphic representation of the data in Tables  2 and 3 . From the results shown in Fig. 1 , for intragenic crosses between mutants with mutations in genes D2L, D3R, D5R and I8R, the recombination frequency is linearly dependent upon distances separating the mutations of up to about 700 bp, above which a plateau of approximately 4% is reached. An apparent intragenic recombination rate, 0.006%/bp, was determined from the slope of the linear range of this curve. The intragenic recombination behaviour of C38 and C44 was unlike that of other mutants in gene I8R. In crosses involving C38 and C44, and the three other ts mutations in gene I8R, there was a linear relationship between the frequency observed and distances between mutations of up to approximately 1000 bp. However, these frequencies were consistently smaller than the recombination frequencies observed in crosses between other mutants with mutations in this gene, resulting in an apparent recombination rate of about 0.002%/bp.
In contrast to intragenic crosses, the recombination frequencies observed in intergenic crosses exhibited no length dependence. In intergenic crosses between mutants with mutations separated by distances of between 328 and 10692 bp, the recombination frequencies observed varied from 10.4+_1-6% to 22.5 +_ 17.7%, averaging about 14 (Table 3 and Fig. 1 ).
Discussion
For intragenic crosses, the recombination frequency is linearly dependent upon distances between the mutations of up to about 700 bp (Fig. 1) . Based on these results, it can be concluded that the intragenic recombination frequencies observed over this range are of practical use in studying the molecular mechanism of homologous DNA recombination in poxvirus-infected cells. Moreover, such measurements can be used to construct precise genetic maps within any given vaccinia Z. Fathi and others virus gene (Drillien et al., 1982) ; the recombination rate calculated, 0.006 %/bp, can be used to convert intragenic recombination frequencies into physical distances. The recombination frequency reaches a plateau at distances greater than 700 bp because of multiple cross-over events between mutations.
The results obtained from crosses involving C38 and C44, and the three other mutants in gene I8R, show that recombination studies may be complicated by markerspecific effects associated with the mutants employed. Although the recombination frequencies observed between C38 and C44, and the other mutants in gene I8R are linearly dependent on distance, the recombination rate calculated, 0.002%/bp, is only one-third of that observed for the other mutants in the 700 bp range. This difference in the absolute rate of recombination could reflect either the sequence context of the mutation or the biology of the mutant virus.
In intergenic crosses, the lack of a linear relationship between recombination frequency and the distance separating mutations was not expected. According to the results presented in Table 3 and Fig. 1 , recombination frequencies in intergenic crosses between mutants with mutations separated by distances of between 328 and 10692 bp show no length dependence. Since the ts mutants used in the intergenic crosses belong to seven complementation groups exhibiting a wide range of phenotypes (Table 1) , it is unlikely that the lack of length dependence is due to marker effects within this subset of vaccinia virus genes.
The recombination frequencies observed in intragenic and intergenic crosses exhibit distinctly different patterns. First, intragenic recombination frequencies are smaller than intergenic recombination frequencies, even over the same distance (compare C18 x C10 and C5 x E94). Second, intragenic recombination frequencies show distance dependence, whereas this relationship is lacking in intergenic crosses. If we assume that the molecular mechanism of recombination is the same in both intragenic and intergenic crosses, we must conclude that the different behaviour of mutants in these crosses reflects some other difference in the biology of the infection.
We believe that genetic complementation at 31 °C must play a role in determining the difference in the behaviour of the two crosses. In intragenic crosses, both viruses carry mutations in the same gene so infected cells lack a normal gene product. As a result, the infection may be compromised, even at the permissive temperature. In contrast, in an intergenic cross a wild-type allele exists for each mutant gene so the infecting viruses can complement each other. If we assume that a linear relationship can be observed only if DNA cross-over is the rate-limiting step in the production of wild-type progeny, then DNA cross-over must be rate-limiting in the intragenic crosses. The relationship between this apparent genetic complementation and the difference in the step that limits production of wild-type progeny is unclear.
In this study, intergenic recombination frequencies are not dependent on distance. This does not appear to be compatible with the construction of reasonable genetic maps of the vaccinia virus genome (Drillien & Spehner, 1983; Ensinger & Rovinsky, 1983; Ensinger et al., 1985) . The fundamental difference between previous work and this study is that Ensinger (1982) and Drillien et al. (1982) carried out crosses using mutants in which the mutations spread across much of the 191000 bp vaccinia virus genome, whereas we have limited our analysis to mutations separated by less than 10700 bp. Over these relatively short distances our data are similar to previous results. Close inspection of data published previously reveals that over distances between mutations greater than 50000 bp, recombination frequencies are threefold higher than over shorter distances. Despite this tenuous relationship between recombination frequency and distance, both Ensinger (1982) and Drillien et al. (1982) were able to construct reasonable genetic maps by ordering mutations on the basis of the best fit of both small and large recombination frequencies. It is noteworthy that based solely on recombination mapping experiments, Ensinger (1982) and Drillien et al. (1982) were unable to assign five of 17 and nine of 23 complementation groups in their collections, respectively. Moreover, the results from marker rescue experiments on mutations mapped genetically indicated that 70% of the mutations had been assigned to the correct map position (Drillien & Spehner, 1983; Ensinger & Rovinsky, 1983; Ensinger et al., 1985) .
Poxviruses exhibit a high rate of recombination and in this respect resemble a number of bacteriophage. The intragenic recombination rate, 0.006%/bp, compares favourably with intragenic recombination rates measured for the bacteriophage T4 tRNA gene, 0-014% (Comer, 1977) , the bacteriophage T4 lysozyme gene, 0.043% (Ravin & Artemiev, 1974) , and the lambda Prm region, 0.013%, and the bacteriophage lambda Cy CII region, 0-056~ (Gussin et al., 1980) .
